Introduction {#Sec1}
============

Myctophidae is the most abundant family of mesopelagic fish (Moser and Ahlstrom [@CR43]; Valinassab et al. [@CR62]). They are important in marine food webs worldwide (Tyler and Pearcy [@CR61]; Shreeve et al. [@CR56]; Cherel et al. [@CR10]) as predators on zooplankton (Gjøsæter [@CR21]; Moku et al. [@CR42]; Shreeve et al. [@CR56]), and as prey for fish (Hansen and Pethon [@CR24]; Giske et al. [@CR19]; Walker and Nichols [@CR63]), sea birds (Hedd et al. [@CR26]) and marine mammals (Doksæter et al. [@CR13]).

Mesopelagic fish form acoustic backscattering layers, and their behavior can thus be studied using echo sounders (Holton [@CR28]; Godø et al. [@CR22]; O'Driscoll et al. [@CR45]). Echo sounders have particularly been used in studies of diel vertical migration (DVM) of mesopelagic scattering layers, of which myctophids are a prevailing part (Valinassab et al. [@CR62]; Godø et al. [@CR22]; Kaartvedt et al. [@CR35]; O'Driscoll et al. [@CR45]). Under the normal DVM pattern (NDVM), the organisms forage on abundant plankton in upper waters at night and hide from visual predators at depth during the day (Pearre [@CR49]; Kahilainen et al. [@CR36]). Another, less common type of DVM is inverse DVM (IDVM). This behavior is characterized by organisms moving to shallower waters during the daytime and descending towards deeper waters during the night (Pearre [@CR49]). IDVM has commonly been ascribed to zooplankton species avoiding NDVM predators (Ohman et al. [@CR47], Ohman [@CR46]; Lagergren et al. [@CR39]). It has been described for fish (Neilson and Perry [@CR44]), although rarely (Jensen et al. [@CR31]), and has only recently been documented in mesopelagic fishes (Kaartvedt et al. [@CR35]).

Glacier lanternfish (*Benthosema glaciale*) is the most abundant species of myctophids (myctophidae) in the Atlantic Ocean north of 35°N and is together with pearlside (the Sternoptychidae *Maurolicus muelleri*) the dominating mesopelagic fish in fjords along the coast of Norway (Aksnes et al. [@CR3]; Kristoffersen and Salvanes [@CR38]). In Masfjorden, Norway, glacier lanternfish are mostly distributed below 200 m during the daytime, while the population is spread throughout the water column during the night (Kaartvedt et al. [@CR33]; Giske et al. [@CR19]; Bagøien et al. [@CR6]). By means of a bottom-mounted echo sounder at \~400 m in Masfjorden, Kaartvedt et al. ([@CR35]) observed three different modes of diel behavior in the population of glacier lanternfish. One part of the population exhibited NDVM, one part IDVM and one part did not migrate (NoDVM) (Kaartvedt et al. [@CR35]).

Glacier lanternfish feed primarily on calanoid copepods, especially *Calanus* (Sameoto [@CR54], [@CR55]; Balino and Aksnes [@CR7]; Bagøien et al. [@CR6]), although other plankton are frequently observed in the stomach contents (Gjøsæter [@CR21]; Roe and Badcock [@CR52]; Sameoto [@CR54], [@CR55]). In Norwegian fjords glacier lanternfish exert a strong predation pressure on overwintering *Calanus finmarchicus* (Bagøien et al. [@CR6]). During the autumn, the majority of the *Calanus* sp. population is distributed in the depth intervals 0--50 and 150--250 m (Bagøien et al. [@CR6]). The deepest group of *Calanus* sp. thus overlaps with the observed IDVM group of glacier lanternfish. Mesopelagic fish with dark-adapted eyes may spot their plankton prey even at several hundred meters depth in daylight (Warrant and Locket [@CR64]; Turner et al. [@CR11]), although feeding efficiency generally increases with available light. Kaartvedt et al. ([@CR35]) hypothesized that glacier lanternfish with IDVM ascend to forage on overwintering *Calanus finmarchicus* in the better light conditions in the middle layers of the water column during the daytime. We here address this hypothesis by examining the vertical distribution of plankton and fish in combination with gut content analyses during the day and night the year subsequent to the study of Kaartvedt et al. ([@CR35]). A group performing IDVM was also recorded this year, and these fish are the main focus of this study.

Materials and methods {#Sec2}
=====================

This study was conducted in September--October 2008 in the deepest basin of Masfjorden (\~60^°^52′N, \~5^°^24′E), Norway, using R/V "Trygve Braarud" (for a map and further description of the locality, see Kaartvedt et al. [@CR33]; Balino and Aksnes [@CR7]).

Temperature and salinity were measured with a CTD (Conductivity, Temperature, Depth; Falmouth Scientific Inc.).

Zooplankton was sampled with a WP2 net with 200-μm mesh size. Sampling was done in five depth intervals (0--50, 50--100, 100--200, 200--300 and 300--400 m). Two replicates from each depth interval were sampled during the day. Due to time constraints, only two replicates from the upper 50 m were sampled during the night. Samples were fixed in 4% formalin for later identification and numeration. Sub-sampling was done with a modified Folsom splitter. Common zooplanktons were identified to genus level.

Trawling for fish was conducted from 3 October to 7 October 2008. A modified fry trawl with a multisampler opening and closing cod-end permitting depth-stratified sampling was used (Engås et al. [@CR14]). The multisampler had three bags attached that could be opened and closed separately by acoustical signals between R/V "Trygve Braarud" and the multisampler (Scanmar HCL hydro acoustic two-way communication link). The trawl opening was 100 m^2^. Trawling was conducted for approximately 10 min per bag at approximately 2 knots. Eight successful trawl tows (i.e., 24 trawl samples) between 80 and 400 m during the daytime (from 12:00 to 17:00) gave a minimum of three samples (replicates) from each 50-m depth interval (50--100 to 350--400 m). Four trawl tows were conducted at night (from 19:00 to 23:00), resulting in six samples between 0 and 50 m, three between 200 and 250 m, and two between 300 and 350 m (11 nocturnal samples in total).

The trawl catch was immediately sorted by species, counted, weighed, marked and frozen for later analyses. Total catch in separate depth intervals was evaluated as g min^−1^ trawling acting as a relative, not quantitative, estimate of species abundance. Depth intervals of 50 m were chosen to represent the vertical distribution of the catch. In most cases the trawl did not completely cover the 50 m interval. For example, trawling in the depth interval 250--300 m was conducted between 250 and 270 m, where the acoustical data suggest a dense concentration of glacier lanternfish.

The size of the individual lanternfish usually influences its choice of vertical position (Halliday [@CR23]; Roe and Badcock [@CR52]). Thirty (when possible) intact individuals from each trawl tow bag were measured for total length (Sameoto [@CR54]) and dissected for analyses of stomach contents. When fewer than 30 individuals were caught, all the intact individuals were measured. Length distribution by depth was statistically examined using Kruskal--Wallis tests.

A total of 664 individuals were analyzed for stomach contents. The stomachs were removed as described by Sameoto ([@CR54], [@CR55]). Degree of stomach fullness and digestion was categorized from 1 to 5 (1: empty; 5: full/distended; 1: fresh; 5: fully digested/unrecognizable; Fotland et al. [@CR16]). A stereo microscope with 10× and 40× magnification was used for the stomach analyses. Stomach contents were identified to the nearest possible taxon, with increasing uncertainty as the degree of digestion increased. Selective preference for a certain prey takes place when a predator consumes more of certain species than other co-existing species (Jacobs [@CR30]). A measurement of prey selectivity (*D*~i~) was calculated using a modified Ivlev selectivity index, *D*~i~ (Jacobs [@CR30]). This index indicates if a predator has negative selection (*D*~i~ from −1 to 0) or positive selection (*D*~i~ from 0 to +1) for a specific prey type. The concentration (*p*) of prey in an area and the concentration (*r*) of the same prey in the stomach contents are used when calculating *D*~i~. The stomach contents of glacier lanternfish caught at different depth intervals at different times of day were compared statistically with Kruskal--Wallis tests followed by Tukey posthoc analyses. The number of prey items per stomach was not normally distributed; thus, the fourth root of the number of prey identified per stomach was used in the posthoc analyses.

A bottom-mounted, upward-facing, calibrated Simrad EK60 38-kHz split-beam echo sounder was deployed at \~400 m depth in Masfjorden, and cabled to the shore for power and continuous transmission of data. Further description of the acoustical setup is given by Kaartvedt et al. ([@CR35]). Acoustical data from 23 September, 2 October and 6 October 2008 (a time period overlapping with the period of sampling) were analyzed using the Sonar 5 pro version 5.9.7 software (Balk and Lindem [@CR8]). Echograms illustrating the total volume backscattering (*S*~v~) were made in MATLAB.

During the daytime glacier lanternfish are distributed deeper than pearlside in Masfjorden (Giske et al. [@CR19]; Bagøien et al. [@CR6]; Kaartvedt et al. [@CR35], this study). Since pearlside were found mainly above \~250 m, it appears relatively safe to say that the biomass of mesopelagic fish below 250 m is glacier lanternfish. The scattering layers seen at 38 kHz are present even at 18 kHz (Kaartvedt et al. [@CR34]), which suggests that mesopelagic fishes dominate the acoustical scattering layers addressed here (Love et al. [@CR40]).

Estimation of the total volume backscattering coefficient (*S*~v~) in a given interval was done by echo integration in Sonar 5. When both *S*~v~ and the average echo strength of individual fish (TS) are known, the concentration of individuals can be estimated (for calculations, see MacLennan and Simmonds [@CR41]). Difference in concentration of glacier lanternfish in the 270--300-m interval where the IDVM group is distributed at night was assessed by echo integration to test for diel differences. The *S*~v~ values in this vertical interval were integrated over 1-h periods. Echo integration was done by subtracting integration results at a *S*~v~ threshold of −64 dB from results at a *S*~v~ threshold of −90 dB to exclude organisms larger than glacier lanternfish (Bagøien et al. [@CR6]). The average TS of glacier lanternfish (−58 dB in this study), as measured directly by the split-beam echosounder at a range of 10--50 m (i.e., \~340--380 m depth) from the bottom-mounted echo sounder, was used to calculate the concentration (individuals m^−3^) from the measured volume backscatter (*S*~v~).

R 2.9.0, Microsoft Excel 2003 and SPSS 17.0 were used for statistical calculations.

Results {#Sec3}
=======

Hydrography {#Sec4}
-----------

The salinity increased from 30 in the surface to stable values around 35 below \~100 m (Fig. [1](#Fig1){ref-type="fig"}). The highest temperatures were measured in the surface (14.2°C) (Fig. [1](#Fig1){ref-type="fig"}). Below \~60 m temperatures were stable at 8.5°C (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Vertical temperature (*gray*) and salinity (*black*) profiles

Distribution of zooplankton {#Sec5}
---------------------------

Zooplankton had a bimodal distribution with the highest concentrations between 0--50 and 200--300 m (Table [1](#Tab1){ref-type="table"}). Ninety-five percent of the zooplankton were copepods, with *Oithona* being the most common taxon (Table [1](#Tab1){ref-type="table"}). *Oithona* and *Acartia* dominated in the upper 50 m, while *Oithona* and *Calanus* dominated between 200 and 300 m depth (Table [1](#Tab1){ref-type="table"}).Table 1Concentration of crustacean zooplankton (individuals m^−3^) caught in the WP-II net during the day and night. The estimates in each interval are the average of two replicates sampledDepth (m)*Calanus* sp.*Oithona* sp.*Chiridius* sp.*Metridia* sp.*Para/Pseudo*/*Microcalanus* sp.*Acartia* sp.OstracodaOtherTotalDay 0--5053021239405160 50--10066110221275 100--20042413200135 200--300349112891311169 300--40091124403437Night 0--507147333843012253

Trawl catches {#Sec6}
-------------

Glacier lanternfish dominated the trawl catches deeper than 250 m during both day and night (Fig. [2](#Fig2){ref-type="fig"}a--d). During the daytime they were distributed deeper than \~150 m, while some individuals were caught in the surface at night (Fig. [2](#Fig2){ref-type="fig"}a). Pearlside were mainly caught in the upper 250 m, with large near-surface catches at night (Fig. [2](#Fig2){ref-type="fig"}b). Shrimps (*Pasiphea multidentata* and *Seregestes arcticus*) were caught below 200 m during the day and throughout the water column at night (Fig. [2](#Fig2){ref-type="fig"}c). Krill (mainly *Meganyctiphanes norvegica*) was caught between 150 and 250 m at daytime and in the surface at night (Fig. [2](#Fig2){ref-type="fig"}d). Mysids (*Boreomysis arctica*) were less common, but some were caught below 200 m. Some jellyfish (Scyphozoa; *Cyanea capillata* and *Periphylla periphylla*) were caught below 300 m.Fig. 2Vertical distribution of **a** glacier lanternfish, **b** pearlside, **c** shrimps and **d** krill caught during night and day, presented as catch in g min^−1^ trawling. The Standard deviations are illustrated by *lines* from the*columns*, except for the night catch in the depth interval 300--350 m, where the*lines* illustrate the maximum catch in the trawl tows (since only two successful samples were obtained). *Dash* indicates that catch is \<1 g min^−1^, *cross marks* indicate no trawling during the day and night, while *U* indicates an unknown amount of pearlside larvae

Glacier lanternfish occurred in three size cohorts (1.5--3.3, 3.5--5.4 and 5.5--7.8 cm) (Fig. [3](#Fig3){ref-type="fig"}a). The length of individuals increased with depth during both day and night (Kruskal--Wallis, *p* \< 0.001). The smallest individuals were caught between 150 and 250 m during the daytime and never below 250 m (Fig. [3](#Fig3){ref-type="fig"}b--d). At night the smallest individuals were caught in the surface and between 200 and 250 m (Fig. [3](#Fig3){ref-type="fig"}b--c). The medium-sized length group was more evenly distributed, with 83% found between \~200--300 m during the daytime and 17% below 300 m (Fig. [3](#Fig3){ref-type="fig"}b--d). The medium-sized fish made up 45% of the catch between 200 and 250 m during the night (Fig. [3](#Fig3){ref-type="fig"}c). The largest size group was distributed below \~200 m (Fig. [3](#Fig3){ref-type="fig"}b--d). Between 200 and 300 m, 51% of the captured glacier lanternfish were individuals of the largest size group, while between 300 and 400 m the largest size group constituted 80--90% of the catch (Fig. [3](#Fig3){ref-type="fig"}c--d).Fig. 3Length distribution of glacier lanternfish. **a** All captured individuals, **b** individuals caught from 0 to 50 m at night and from 150 to 200 m at daytime, **c** individuals caught from 200 to 250 m at night and 200 to 300 at daytime, and **d** individuals caught from 300 to 350 m at night and 300 to 400 m at daytime. The values of the *y*-axis are given as relative frequency (%) of total catch in the given interval

Acoustic scattering layers {#Sec7}
--------------------------

At 38 kHz, applying a threshold of −80 dB, most backscattering is due to fish, as shrimps and krill are comparatively weak acoustic targets. The trawl catches suggest that pearlside made up the main part of backscattering in the upper 200 m, while echoes from glacier lanternfish dominated the backscatter deeper than 250 m.

Three different modes of diel behaviors were apparent: NDVM, IDVM and NoDVM (Fig. [4](#Fig4){ref-type="fig"}a--c). Three separate scattering layers displayed the NDVM pattern (Fig. [4](#Fig4){ref-type="fig"}b). The trawl catches show that the two shallowest SLs mainly consisted of pearlside (NDVM 1 and NDVM 2), while the deepest NDVM SL also contained some glacier lanternfish (NDVM 3) (Fig. [4](#Fig4){ref-type="fig"}b). A layer without any apparent migration between 150 and 220 m (NoDVM1) was dominated by pearlside, while also some glacier lanternfish were captured (Fig. [4](#Fig4){ref-type="fig"}b).Fig. 4**a**--**c** Twenty-four-hour echograms from the bottom-mounted 38-kHz echo sounder on 23 September, 2 October and 6 October 2008, with different DVM modes annotated in **b**; **d**--**f** acoustic abundance estimates of glacier lanternfish (individuals m^−3^) at 270--300 m (interval marked with *horizontal lines* in **a**--**c**); **g** zoom on \~200--340 m from \~03:00 to 03:00 on 23--24 September 2008. The coloration in echograms refers to volume backscattering (*S* ~v~), where *red* illustrates the strongest and *white* the weakest backscatter. *Black* *and white* *bars* above echograms (**a**--**c**, **g**) depict night and day, separated by times for sunrise and sunset. Time is given in UTC (local standard time-1 h)

Deeper than \~200 m, two behavioral modes were observed (Fig. [4](#Fig4){ref-type="fig"}a--c). One SL ascribed to lanternfish displaying the IDVM pattern was distributed between 250 and 300 m at night and migrated towards the NoDVM1 layer in the morning, leading to a void in the echograms as fish swam up from this interval during the day (Fig. [4](#Fig4){ref-type="fig"}a--c). At night individuals of this layer migrated back to deeper waters. Individuals of a deeper SL distributed below \~300 m appeared not to migrate (NoDVM2) (Fig. [4](#Fig4){ref-type="fig"}a--c). Based on the trawl results, the individuals that made up these two layers were of the two largest size groups of glacier lanternfish (Fig. [3](#Fig3){ref-type="fig"}a--d).

The IDVM pattern was evident in the acoustical data on all days (Fig. [4](#Fig4){ref-type="fig"}a--c). Acoustic abundance estimates suggested a daytime concentration reduction of approximately 60--70% in the interval between 270 and 300 m as fish ascended above this level (Fig. [4](#Fig4){ref-type="fig"}d--f).

The swimming speeds of glacier lanternfish while performing IDVM were derived by measuring slopes of individual organism traces in the echograms. The vertical relocations were slow, with average speed of \~0.004 m s^−1^, both when moving upwards and downwards. This is equivalent to \~1/16 body length s^−1^ for the largest size group. The slow relocation of individuals displaying the IDVM pattern was reflected in the timing of fluctuating densities in the 270--300-m depth interval. The number of fish continued to increase after midnight as fish still returned to deeper waters after their daytime ascent (left of Fig. [4](#Fig4){ref-type="fig"}d--f), and, correspondingly, fish had not reached the maximum number after the daytime low the following midnight (right of Fig. [4](#Fig4){ref-type="fig"}d--f). The persisting nocturnal descent of fish to deep waters well after midnight is illustrated in Fig. [4](#Fig4){ref-type="fig"}g, where the time axis of a diel echogram has been shifted (from \~03:00 to \~03:00) to center the void in the acoustic backscatter created by the IDVM.

Feeding {#Sec8}
-------

Most fish had no or unidentifiable stomach contents (Fig. [5](#Fig5){ref-type="fig"}a), but 35% (230 individuals) of the examined fish had stomach contents that could be identified to a taxonomic group (Fig. [5](#Fig5){ref-type="fig"}a). Of the individuals with identifiable stomach contents, 31% contained only one prey item. There was a tendency of an increasing number of prey with increasing length of the fish.Fig. 5Stomach contents of glacier lanternfish. **a** Percentage of empty stomachs and different types of stomach contents in dissected glacier lanternfish. **b** Identified prey allocated to taxa. The shrimp *Sergestes* sp. (0.2%), and the copepods *Oithona* sp. (0.1%) and *Metridia* sp. (0.5%) are not included in the figure (**b**)

A total of 191 fish contained *Calanus* sp., and *Calanus* sp. accounted for 86% of the identified prey (Fig. [5](#Fig5){ref-type="fig"}b). The much larger krill and shrimps were identified in 1.4 and 0.2% of the stomachs, respectively (Fig. [5](#Fig5){ref-type="fig"}b). Other prey included various copepods and ostracods (Fig. [5](#Fig5){ref-type="fig"}b). Only 39 fish had identifiable stomach contents without containing *Calanus* sp. The glacier lanternfish had positive selection only for *Calanus* sp. (*D*~i~ = 0.76), while other copepods were selected against. A maximum of 24 *Calanus* sp. were registered per stomach. Individuals of the two largest size groups seemed to feed on more *Calanus* sp. than individuals belonging to the smallest size group (posthoc, Tukey test, *p* \< 0.001). Due to *Calanus* sp. domination in the diet, subsequent analyses focus on this species.

Fish caught between 200--250 and 250--300 m during the daytime had significantly more *Calanus* sp. in their stomachs than those from 300 to 400 m (posthoc, Tukey test, *p* \< 0.001) (Fig. [6](#Fig6){ref-type="fig"}a). There was also significantly more *Calanus* sp. in the stomach contents of individuals caught between 200--250 m (posthoc, Tukey test, *p* \< 0.01) and 250--300 m (posthoc, Tukey test, *p* \< 0.001) than for fish caught between 150 and 200 m (Fig. [6](#Fig6){ref-type="fig"}a). Stomach fullness was highest in fish from 200 to 250 m, but also high in fish from 250 to 300 m during the daytime (Fig. [6](#Fig6){ref-type="fig"}c--d).Fig. 6Stomach contents of glacier lanternfish at different depth intervals day (*left*) and night (*right*). **a**, **b** Number of *Calanus* sp. in stomach contents at different depth intervals during the day (**a**) and at night (**b**); **c**, **d** degree of stomach fullness during the day (**c**) and night (**d**); **e**, **f** degree of digestion of stomach contents during the day (**e**) and night (**f**). *Vertical axis* on the right side on the figures depicts number of glacier lanternfish analyzed for the different depth intervals. The *boxes* illustrate the 25% quartile, the 50% median and the 75% quartile. The *dotted lines* illustrate the maximum/minimum values of number of *Calanus* sp. (**a**, **b**), stomach fullness (**c**, **d**) or degree of digestion (**e**, **f**). The *rings* mark the average values

*Calanus* sp. was generally more abundant in stomach contents during the day than during the night (Kruskal--Wallis, *p* = 0.03) (Fig. [6](#Fig6){ref-type="fig"}a--b). During the day more than one quarter of the fish contained two or more *Calanus* sp. During the night stomachs contained few *Calanus* sp., with a notable exception for the 22:00 period. Between 23:00 and 11:00 there was no trawling, and thus stomach analysis from this period does not exist. Fish caught during the daytime between 200 and 300 m also had the lowest recorded digestion state (Fig. [6](#Fig6){ref-type="fig"}e--f).

In total there were only small differences in the degree of stomach fullness for the whole water column between day and night (Fig. [6](#Fig6){ref-type="fig"}c--d), but fish caught at night had less identifiable stomach contents than fish caught during the day (Fig. [6](#Fig6){ref-type="fig"}e--f).

Discussion {#Sec9}
==========

Acoustical data from a bottom-mounted 38-kHz echo sounder combined with trawling showed that glacier lanternfish are the main cause of backscattering below 250 m in Masfjorden. The distribution of glacier lanternfish overlaps with that of pearlside in the \~200--250-m depth interval. This is supported by previous studies in Masfjorden (Kaartvedt et al. [@CR33]; Giske et al. [@CR19]; Bagøien et al. [@CR6]; Kaartvedt et al. [@CR35]). Three distinct behavioral strategies in the population of glacier lanternfish were identified during autumn.

The smallest individuals carry out NDVM or may not migrate at all (NoDVM1; Fig. [4](#Fig4){ref-type="fig"}b) during autumn, while the larger individuals always stay deeper than 200 m. The deep-living components of the population showed two different behavioral strategies, IDVM and NoDVM. The IDVM individuals swim upwards towards 200--270 m during the daytime to feed mainly on *Calanus*. Kaartvedt et al. ([@CR35]) observed similar behaviors in this population during fall the previous year.

Feeding and digestion by glacier lanternfish {#Sec10}
--------------------------------------------

Many of the lanternfish had empty stomachs, which seems typical for this species (Albikovskaya [@CR4]; Giske et al. [@CR19]; Balino and Aksnes [@CR7]; Pusch et al. [@CR50]). No individuals with everted stomachs were observed, so we excluded stress and regurgitated stomach contents as potential errors in this study. The glacier lanternfish feeds more regularly during spring and summer than during autumn and winter (Gjøsæter [@CR21]; Sameoto [@CR54]). This could potentially help explain the high percentage of individuals with empty stomachs in this study.

*Calanus* sp. was the only prey that was positively selected for. The genus *Calanus* is known to form a significant part of the diet of myctophids (Gjøsæter [@CR21]; Sameoto [@CR55]; Pusch et al. [@CR50]; Shreeve et al. [@CR56]). Other calanoid copepods, krill, shrimps and ostracods were also found in the guts, but these taxa only comprised \~14% of the total numerical content. These taxa are commonly part of myctophids' diet in oceans around the world, although each taxa's dietary importance varies (Roe and Badcock [@CR52]; Hopkins et al. [@CR29]; Moku et al. [@CR42]; Shreeve et al. [@CR56]). In our study krill was not a numerically important prey. This supports the findings of Giske et al. ([@CR19]), but differs from the findings of Gjøsæter ([@CR21]). It is reasonable to assume that *Calanus* sp. is easier to catch than krill because of the concentration of inactive (Hirche [@CR27]), overwintering *Calanus* sp. and their smaller size, but at the same time, the dividend will be much greater when catching the two orders of magnitude larger krill (Falk-Petersen [@CR15]; Tande [@CR59]). Krill was more common in the diet of the 2-year group and older individuals. Gjøsæter ([@CR21]) made similar observations, and the same trend has been observed in studies of other myctophids (Pearcy et al. [@CR48]; Pusch et al. [@CR50]).

Digestion time in mesopelagic fish is not well known (Dalpadado and Gjøsæter [@CR12]), and how long copepods can stay undigested in fish stomachs is not known (Bagøien et al. [@CR6]). Nevertheless, a large number of identifiable and undigested prey indicate recent feeding (Dalpadado and Gjøsæter [@CR12]). The largest number of prey in the stomachs and the lowest degree of digestion were observed during the daytime. Stomach fullness might also be high during the night, but then the food was more digested, indicating that it had been a while since feeding. For logistic reasons, samples from night time were restricted to the time period between 19:00 and 23:00; thus, we have no data to tell how glacier lanternfish feed throughout the night. Previous studies from eastern and northwestern parts of the Atlantic Ocean have shown that glacier lanternfish normally feeds in surface waters at night, but also at their daytime depth (Roe and Badcock [@CR52]; Sameoto [@CR54], [@CR55]). Previous reports from Masfjorden conclude that glacier lanternfish mainly feeds during the daytime (Giske et al. [@CR19]; Balino and Aksnes [@CR7]) or have found no diel pattern in feeding (Bagøien et al. [@CR6]). From our study it seems that individuals with IDVM feed during the daytime (Figs. [4](#Fig4){ref-type="fig"}a--c, g, [6](#Fig6){ref-type="fig"}a--f), mainly on overwintering *Calanus* (Fig. [5](#Fig5){ref-type="fig"}b), while others (NDVM) probably feed mainly during the night. Thus, depending on which behavioral group is in focus, different conclusions about feeding periodicity can be reached.

Possible explanations for the diel behavior {#Sec11}
-------------------------------------------

Most studies have concluded that glacier lanternfish perform NDVM (Roe and Badcock [@CR52]; Sameoto [@CR54], [@CR55]). However, our study and previous studies have shown reduced levels of NDVM during autumn (Gjøsæter [@CR21]; Sameoto [@CR54]; Kaartvedt et al. [@CR35]), and Kaartvedt et al. ([@CR35]) and this study add IDVM to the behavioral repertoir. The current study identified three size cohorts of the glacier lanternfish population, and possible explanations for the varying migration patterns might be the difference in abilities and motivation between the cohorts and the vertical distribution of prey.

The zooplankton concentration found in this study reflected that sampling was done during the end of the productive season, yet before the winter low. The zooplankton concentration was about fourfold that found during previous winter studies in Masfjorden (Giske et al. [@CR19]; Balino and Aksnes [@CR7]) and almost half of reported summer concentrations (Rasmussen and Giske [@CR51]). Small copepods dominated in the upper 50 m, while *Calanus* sp., which was found to be the main prey of glacier lanternfish, occurred at the highest concentrations between 200 and 300 m, at similar depths as in previous studies, albeit at lower densities (Giske et al. [@CR19]; Balino and Aksnes [@CR7]; Bagøien et al. [@CR6]). Due to the low concentration of larger zooplankton at the surface, glacier lanternfish will gain little from swimming to the surface in the autumn. However, some individuals of the smallest size group (1.5--3.3 cm) and the smallest individuals of the medium size group (3.5--5.4 cm), which correspond to the 0-year class and the 1-year class, respectively (Halliday [@CR23]; Gjøsæter [@CR20]), performed NDVM to the upper 50 m at night. The IDVM was mainly carried out by individuals greater than 5 cm, corresponding to the 2-year class or older (Halliday [@CR23]; Gjøsæter [@CR20]), since these were the ones dominating at depths below 250 m.

In glacier lanternfish and other mesopelagic fish, body size typically increases with depth (Willis and Pearcy [@CR65]; Roe and Badcock [@CR52]; Gartner et al. [@CR17]; Auster et al. [@CR5]). Such size distributions have often been ascribed to smaller mesopelagic fish being less visible to predators (Giske et al. [@CR19]) and more risk taking (Giske and Aksnes [@CR18]) than bigger individuals. For juveniles increased mortality risk in shallower waters might be compensated by higher potential feeding rates, and warmer water implies both decreased digestion time and higher potential growth rates (Wurtsbaugh and Neverman [@CR66]), and consequently earlier maturation than in deeper waters (Rosland and Giske [@CR53]). Also, small individuals will lose a higher percentage of body mass compared to individuals of greater size when starving and therefore have to take greater risks (normally associated with staying shallower) to find food (Krause et al. [@CR37]). On the other hand, individuals that have reached a certain size and maturation state can afford avoiding this risk by staying deeper (Hays et al. [@CR25]). Additionally, they have larger eyes than smaller individuals, and can therefore better detect prey in deeper and darker waters (Warrant and Locket [@CR64]). In sum, young individuals might seek a higher growth rate, but increased mortality risk in shallower waters, while adults prioritize lower mortality risk, but less potential (or less visible) prey in deeper waters (Rosland and Giske [@CR53]).

By remaining in deeper and colder water masses during the night, individuals can minimize their energy loss (Sogard and Olla [@CR58]) and reduce their exposure to predators. This behavior (NoDVM) has previously been observed for glacier lanternfish (Albikovskaya [@CR4]; Kaartvedt et al. [@CR35]) and other myctophids (Pearcy et al. [@CR48]; Gartner et al. [@CR17]; Moku et al. [@CR42]). While low surface concentrations of prey during autumn may explain why a large proportion of the population stays in deeper waters through the whole day, it cannot explain IDVM.

The IDVM group co-occurs with the overwintering component of *Calanus* sp. Glacier lanternfish fed most actively in this overlapping layer during the daytime. Similarly, Bagøien et al. ([@CR6]) observed overlapping distribution between mesopelagic fishes and overwintering *Calanus* sp. and documented a strong predation pressure on overwintering *Calanus* sp. in Masfjorden.

Most overwintering *Calanus* sp. are inactive (Hirche [@CR27]). As a result of predation from mesopelagic fish, a pronounced numerical reduction of *Calanus* sp. populations is expected during autumn and winter (Kaartvedt [@CR32]; Bagøien et al. [@CR6]). The glacier lanternfish is able to forage visually (Giske et al. [@CR19]; Bagøien et al. [@CR6]) in deeper waters (Roe and Badcock [@CR52]; Sameoto [@CR54], [@CR55]), but light typically limits food consumption more, through its effect on detection distance, than the concentration of prey (Aksnes and Giske [@CR1]). We hypothesize that the IDVM group swims upward during the daytime to improve the light conditions and thereby their chances of locating prey. Glacier lanternfish ascend and descend in a stop and go manner (Kaartvedt et al. [@CR34]), possibly explaining the slow swimming speed found in the current study.

We reject the alternative explanation that the inverse vertical migration may relate to metabolic advantages (cf. Wurtsbaugh and Neverman [@CR66]) since the water column in the deep water of Masfjorden is homogenous with no vertical temperature gradients. We also reject that the migration relates to exploitation of water currents as a mechanism for retention or horizontal transport (Smith et al. [@CR57]; Bennett et al. [@CR9]). The currents in deeper waters in Masfjorden are weak as the water body is enclosed behind the 75-m-deep sill (Aksnes et al. [@CR2]), and glacier lanternfish in Masfjorden drift slowly back and forth with weak tidal currents at a period that is shorter than the day/night cycle (Kaartvedt et al. [@CR35]).

In conclusion, this study documents that glacier lanternfish is capable of localizing and prey on overwintering *Calanus* sp. during the daytime. In accordance with Kaartvedt et al. ([@CR35]), the most likely explanation for IDVM is that visually foraging individuals during the daytime actively seek an interval with better light conditions, thereby increasing the availability of prey, before returning to deeper waters at night.
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